OBJECTIVES: New surgical and perfusion techniques allow the avoidance of deep hypothermia during open aortic arch surgery, which is generally necessary in patients with an unclampable porcelain aorta. The aim of the study was to evaluate operative and long-term results in patients with a porcelain aorta who underwent conventional cardiac surgery using current surgical and perfusion techniques.
INTRODUCTION
Severe eggshell calcification of the thoracic aorta ( porcelain aorta, PA) is not per se an indication for surgery unless there are significant obliterations on the origins of the aortic branches. When a cardiac disease necessitating surgery is combined with PA, which is mostly diagnosed by chance during special cardiac diagnostics, the standard surgical approach to the ascending aorta (cannulation, cross-clamping and opening, if necessary) is precluded and, consequently, remains a surgical challenge. The surgical approach mainly demands the use of circulatory arrest (CA), which together with an increased risk of cerebral embolism, can lead to reconsideration of the therapeutic options and result in refusing the surgery in some cases. However, new surgical and perfusion methods as well as evolving technologies open new perspectives for a patient-tailored approach, which, depending on the clinical and pathological conditions, can be conventional or less invasive [1] . The aim of the study was to evaluate operative and mid-to long-term results after conventional valve surgery in patients with PA in whom current surgical and perfusion techniques were used.
PATIENTS AND METHODS
Between November 2003 and February 2012, 30 consecutive patients (mean age 68 ± 11 years) suffering from a cardiac disease combined with a PA as diagnosed by computed tomography and defined as a severe complete circular calcification of the proximal thoracic aorta were referred for cardiac surgery (Fig. 1) . In 1 patient (56 years), the surgery was refused elsewhere, and another patient (50 years) with mixed valve defect of severely calcified aortic homograft asked us for a definitive surgery because he was refused this option elsewhere and a transapical aortic valve implantation was offered. The circular calcification was localized in the ascending aorta, involved the root or extended throughout the ascending aorta and aortic arch in 12, 9 and 9 patients, respectively. The aetiology of the PA was arteriosclerosis (21) , aortic wall degeneration after previous surgery with use of glue due to acute dissection (5), degeneration of an aortic homograft (2) and aortic degeneration after previous radiation therapy (2) . All patients (5), after previous dissection, suffered from additional complex aortic pathologies such as anastomotic false aneurysm and/or progressive aneurysm of the chronic dissected aorta; however, all these patients presented circular calcifications according to the definition of PA, which involved non-prosthetic aortic root, aortic arch or both.
The detailed preoperative patient data are given in Table 1 . During surgery, transoesophageal echocardiography was performed, as is our routine, to assess the cardiac pathology and verified surgical outcome. Depending on the extent of surgery, the thoracic aorta was exposed via median sternotomy in 28 patients, and in the remaining 2, either a median sternotomy with a left lateral extension or clamshell thoracotomy was performed. The arterial return for cardiopulmonary bypass was achieved by cannulation of a supra-aortic artery (innominate, right carotid or left carotid artery). The arterial cannulation and unilateral cerebral perfusion (UCP) techniques have been described previously [2, 3] . In short, the innominate artery was isolated within the chest or a common carotid artery was prepared through a separate approach in the neck along the medial margin of the sternocleidomastoid muscle. In all patients, after heparinization, the exposed segment of the artery was crossclamped, a longitudinal incision was made and an 8-or 10-mm vascular-sealed polyester graft was anastomosed to the artery with a continuous 5.0 polypropylene suture. After connecting the arterial line and cannulating the right atrium, cardiopulmonary bypass was started with a mean flow of 4.6 ± 0.5, range 3.0-6.0 l/min (2.2-2.4 l/min/m 2 of body surface). During CA under mild-to-moderate hypothermia, UCP was used for cerebral protection. The arch arteries were cross-clamped, and UCP was set up at a constant blood temperature of 28°C by simply reducing the arterial flow to about 1.5 l/min for right-sided or 0.9 l/ min for left-sided UCP [3] .
Aortic repair extending to the arch was necessary in 22 patients, of whom total or subtotal replacement with a branched aortic arch prosthesis (InterGard Aortic Arch; InterVascular, MAQUET Cardiovascular, La Ciotat, France) was performed in 9 patients (Fig. 2) . In 1 patient, complete thoracic aorta replacement through clamshell thoracotomy was performed. Complete aortic root replacement, which was necessary in 17 patients, was carried out using self-made mechanical or biological composite grafts, which have been used routinely in our centre for more than a decade as described previously [4] [5] [6] . In this technique, a mechanical valve (12) or a xenograft (5) was placed into the collagen-coated woven polyester vascular graft (InterGard; InterVascular), leaving a free margin of the tube of about 3-5 mm and fixed to the tube with a running mattress polypropylene Asterisk indicates with surgical relevant obliteration; NYHA: New York Heart Association; COPD: chronic obstructive pulmonary disease.
suture. The composite graft was anastomosed to the aortic annulus with pledgeted interrupted mattress sutures, passing the sutures through the aortic annulus and the free margin of the composite graft beneath the valve prosthesis, ensuring excellent hemodynamic (by valve oversizing) and haemostatic characteristics [4] [5] [6] . Coronary ostia were implanted using the Kouchoukos button-technique [7] in 9 patients. In 8 patients, at least one coronary artery had to be implanted using a saphenous interposition graft, or coronary revascularizations were performed due to ostial calcifications, making direct implantation impossible. Coronary revascularizations due to coronary heart disease were carried out in 15 patients. The surgical procedures and the operative data are shown in Table 2 . All operative data were collected prospectively, and an intention-to-treat (abolishment of valvular defect by open cardiac surgery) analysis was performed. The follow-up duration of at least 90 days was the goal for survivors to allow a data analysis according to reporting guidelines [8] . The patients were followed up by echocardiography performed in our outpatient clinic or by their cardiologist, from whom the written documents and echocardiographic images, if available, were requested and reviewed.
Statistical analysis
The statistical analysis was performed with the SPSS software (SPSS, Inc., Chicago, IL, USA). Values in the tables and text are expressed as mean ± standard deviation unless otherwise indicated. Actuarial survival was estimated by the Kaplan-Meier method.
RESULTS

Operative data and early mortality and morbidity
The arterial return for cardiopulmonary bypass was achieved by cannulation of the innominate (8), right carotid (14) or left carotid artery (8) . Cerebral and organ protection were performed using CA, which was performed under mild hypothermia, and UCP at a constant blood temperature of 28°C. The average UCP time and the deepest rectal temperature were 26 ± 20 min (range 7-80 min) and 29.8 ± 1.2°C for all patients, and 45 ± 17 min (range 21-80 min) and 29.5 ± 1.2°C for 9 patients with total arch replacement, respectively. Among the latter, there were six arch repairs with reimplantation of all aortic arch branches and three without reimplantation of the left subclavian artery. The valve surgery consisted of aortic, mitral or double valve repair in 23, 3 and 4 cases, respectively. The aortic valve was replaced using a mechanical (18) or biological (9) valve prosthesis. Mitral surgery consisted of four repairs and three replacements (two biological and one mechanical). The operative data are shown in detail in Table 2 .
Rethoracotomy due to bleeding was necessary in 2 patients (6.7%). No paraplegia and no hepatic failure occurred after surgery, nor did any patient need temporary dialysis; however, a fatal bowel ischaemia occurred in 1 patient (female, 71 years) with a proximal PA and an extended calcified atherosclerosis of the thoraco-abdominal aorta. At autopsy, a severe stenosis of the celiac and upper mesenteric arteries was revealed. She was the only patient who died during the 30-day postoperative period, resulting in a 30-day mortality of 3.3%. Permanent neurological deficit or temporary dysfunction such as confusion, delirium or agitation without focal deficit occurred in 1 (3.3%) and 3 (10.0%) patients, respectively. The stroke patient (female, 82 years with a history of cardiac surgery) developed pneumonia during the neurological rehabilitation and died 2.5 months after surgery, resulting in a 90-day mortality of 6.6%.
The most frequent postoperative complication, which occurred in 4 patients (13%), was respiratory insufficiency necessitating prolonged ventilation or reintubation. Two of these patients required tracheotomy.
Survival and late outcome
Follow-up data were available for all patients. The mean followup was 44 ± 32 months, totalling 110 patient-years. A total of 3 patients died during the entire postoperative period, resulting in an overall survival rate of 90% at the median follow-up of 46 (range 0.1-106) months. In addition to the two deaths mentioned above, another patient died 3 years after surgery because of senile decay at the age of 91 years. The linearized death rate was 2.7% and the actuarial survival at 5 years was 87.3 ± 7.2% (Fig. 3 ).
There were no thromboembolic and/or haemorrhagic events during the entire follow-up, although only 19 of 28 late survivors presented sinus rhythm throughout the follow-up period, and in 21 patients warfarin was given, mostly because of implanted mechanical valve prosthesis. Also, there were no other valverelated events, such as endocarditis and structural or nonstructural valve deterioration. No patient required any cardiac or aortic intervention or reoperation during the follow-up. At the last echocardiography, all repaired or artificial heart valves showed excellent function and no paravalvular leakages were noticed.
DISCUSSION
The exact number of cases with relevant atherosclerosis of the ascending aorta in cardiosurgical patients is unknown because the extension of atherosclerotic plaques in the proximal aorta varies considerably and even severe eggshell calcifications are mostly localized and non-circular. In addition, the evaluation and definition of relevant aortic atherosclerosis are subjective because they depend on the individual surgeon's assessment. Atherosclerosis of the ascending aorta is not always recognized before surgery and can be encountered unanticipated during surgery. The surgical strategies range from avoiding the aortic cross-clamping and incising the atherosclerotic part of the aorta, to partial endarterectomy, and even to its replacement [9] [10] [11] [12] [13] . PA with completely circular eggshell calcification of the proximal thoracic aorta represents the most severe form of this pathology, in which aortic cannulation is precluded, not to mention crossclamping and incision (Fig. 1) . Because this form of aortic calcification is well definable, all patients with PA who were referred for cardiac surgery in our centre were enrolled in this observational study. During the study period of >8 years, there were a total of 30 patients with severe complete circular calcification of the proximal thoracic aorta representing 0.1% of all cardiac surgical procedures and 2.1% of those having proximal aortic replacement.
There are not many surgical options for open cardiac surgery in patients with PA, with the exception of numerous arterial cannulation techniques recently established as alternatives to aortic cannulation. Cannulation of one of the supra-aortic arteries is especially valuable when open aortic surgery with CA is performed, which is generally necessary when the aorta is unclampable [14] . Even though endovascular clamping has been suggested to avoid CA [15, 16] , its efficacy seems to be limited, especially in porcelain aortas with an irregularly contoured inner surface of the aortic wall that is characteristic of severe atherosclerosis. In cases with an aortic valve defect, which is the most frequent valvular disease occurring together with PA, deployment of apicoaortic-valved conduits has been repeatedly proposed, yet the wide use of this, one of the oldest techniques in the history of open cardiac surgery, remains low [17] [18] [19] . Atherosclerotic changes of the descending aorta probably limit the usefulness of this otherwise attractive device, which can even be implanted on a beating heart without cardiopulmonary bypass [19] . For this reason, CA, which enables any conventional cardiac procedure involving the porcelain aorta regardless of whether it is with or without aortic replacement, remains the gold standard for the surgical approach. However, deep ADULT CARDIAC hypothermia, which has been generally used for protection during CA, is associated with many negative side effects such as coagulopathy and organ dysfunction and is therefore considered to increase surgical risk and the operative complication rate. The protection time has limits, and the risk of stroke increases significantly when the duration of deep hypothermic CA exceeds 40 min [20] . The inevitable extension of cardiopulmonary bypass needed for cooling and rewarming has been identified as an independent risk factor for an adverse outcome not only in aneurysm surgery [21] but also in surgery of PA [12, 13] . To avoid deep hypothermia in such patients, alternative methods, such as transcatheter valve implantation, have been proposed recently, and their results are still compared with the 'old-fashioned' surgery. We do not doubt that transcatheter techniques may be a practical enrichment of the surgical armamentarium; however, technical progress has changed the results of open aortic surgery considerably [14] . The modern era of antegrade cerebral perfusion pioneered by Bachet and Kazui in the 1990s, brought the enormous development of many cannulation and perfusion methods. Although antegrade cerebral perfusion was originally mostly used as an adjunct to deep hypothermia, systemic cooling became non-essential for neuroprotection. This led to increasing the body temperature during CA, which resulted in shortening the bypass time and limiting the negative side effects of hypothermia. This series of 30 consecutive patients operated on using current perfusion and surgical techniques confirms their usefulness by the excellent operative results.
Moreover, our patients present very good clinical and neurological mid-to long-term outcomes as well, which indicates that curative replacement of a pathological proximal aorta may play an important role in preventing neurological morbidity. This aspect is not surprising and should encourage the cardiosurgical community to apply conventional aortic replacement in suitable patients because the proximal aorta is one of the main sources of cerebral embolism [22, 23] . In our opinion, neither PA nor severe non-circular atherosclerosis of the proximal aorta is a contraindication for cardiac surgery. On the contrary, numerous patients with an ulcerous or exophytic form of atherosclerosis can profit from a curative replacement of the pathological aorta performed concomitantly with other cardiac surgeries [24] .
In patients with a calcification of the proximal aorta, careful diagnostics including CT angiography should be performed to assess the extent of the pathology in the aorta and its branches. This, in turn, is not only fundamental for operative strategy, if conventional surgery is considered, but also for the risk assessment and choice of the proper patient-tailored therapeutic option. The patient's age, his co-morbidities and life expectancy, severity of disease and last but not least the surgical experience are also essential for decision making. Admittedly, >80% of the patients in the series presented were operated on by a single surgeon (P.P.U.). In total, the surgeries were performed by only three experienced surgeons.
Even if a transcatheter procedure could have been considered for a few of the study patients operated on before 2009, conventional surgery was the only therapeutic option at this time. We started employing transcatheter valve implantation techniques in 2009 and performed 310 procedures during the extended study period (until February 2012). We use the widely accepted algorithm to choose the therapy option [25] , but in the time reported, no patient revealed a PA that would have corresponded to the reported definition, even if some of the patients presented with aortic atherosclerosis. Nevertheless, the lack of randomization and patient selection, which may have introduced a selection bias, can be considered a limitation of the study. However, all patients referred for surgery with a clearly defined PA were enrolled for observational assessment in which all relevant perioperative parameters were collected prospectively and an intention-to-treat analysis was performed. Moreover, no patient was refused surgery because of the severity of cardiac disease. We are even convinced that the variety of the cardiac and aortic pathologies as well as the clinical parameters demand very individual therapy, which is essential for optimal outcome, and therefore, a randomization would not have been justified in such patients.
In conclusion, conventional cardiac and aortic surgery offers definitive repair and can be performed safely by experienced surgeons using current perfusion and operative techniques. Although more invasive, this surgical technique provides mortality and morbidity rates that do not exceed those reported for transcatheter valve implantation. Moreover, the curative replacement of the pathological proximal aorta, which is one of the main sources of cerebral embolism, leads to excellent neurological outcome during mid-to long-term follow-up, and therefore, should always be considered in younger patients with favourable life expectancy.
